Introduction
The existence of a molecular clock was first proposed by Zuckerkandl and Pauling ( 1962) ) on the basis of what was then known of the amino acid sequence of hemoglobin. Recent evidence, from both DNA/DNA hybridization studies and DNA nucleotide sequences, indicates, however, that rate disparity may occur within or between specific groups. Rodent DNAs, for example, evolve faster than hominoid or bird DNAs (Kikuno et al. 1985; Wu and Li 1985; Britten 1986; Catzeflis et al. 1987) . Also, certain groups of nonpasserine birds (e.g., ratites, penguins, and cranes) have slower average rates of DNA sequence evolution than do passerine birds (Sheldon 1987; Sibley and Ahlquist 1987) .
The causes of such disparities remain to be substantiated. Britten ( 1986) has argued that if most base changes in DNA are selectively neutral, then differences in rates of evolution would be caused by differences in mutation rates, which, in turn, are frequently explained on the basis of generation time (Laird et al. 1969; Kohne et al. 1972; Goodman 1985; Wu and Li 1985; Sibley and Ahlquist 1987) , where generation time is defined as the period required for the population to turn over-or replace itself-weighted for age-specific contributions ( Sibley and Ahlquist 1987 ) . [ Pianka ( 1978) defines generation time as the average parental age at which all offspring are born]. According to the generation-time hypothesis, taxa with shorter generation times are supposed to have faster rates of sequence evolution (Laird et al. 1969; Goodman 1985; Wu and Li 1985) . To the extent that average life span is correlated with generation time, taxa with shorter life spans are also expected to have faster rates of DNA sequence evolution than are taxa with longer life spans. Sibley and Ahlquist ( 1987) currently argue that rate disparity in birds is largely consistent with age at first breeding, when that age is used as a measure of difference in the rate of population turnover. Arguments against the importance of generation time have also been presented (Sarich and Cronin 1977; Wilson et al. 1977; Sibley and Ahlquist 1984; Britten 1986; Sheldon 1987) ; although most arguments are constructed on protein data, other researchers have cited DNA/DNA hybridization studies. Sheldon ( 1987) ) for example, has noted that similar average genomic rates of evolution occur in groups with widely divergent generation times (e.g., hominoids and birds).
In the present paper, we present evidence on rates of single-copy DNA evolution in phalangeriform marsupials (sensu Marshall et al., accepted) , where the suborder Phalangeriformes includes the following extant families: Macropodidae (kangaroos, etc.), Phalangeridae (cuscuses, brush-tailed possums, and scaly-tailed possums), Petauridae (lesser gliders and striped possums), Pseudocheiridae (greater gliders and ringtail possums), Acrobatidae (feather-tailed possums), Tarsipedidae (honey possums), and Burramyidae (pygmy possums). Our evidence indicates that burramyids have a slower rate of DNA sequence substitution than do other phalangeriform taxa, even though generation time in burramyids is appreciably shorter than that for many other phalangeriforms.
Material and Methods
Soft tissues for all species were taken from freshly killed animals collected in the field and were preserved in -95% ethanol. Collectors' field numbers and museum catalog numbers are available for all specimens. In all, DNA was extracted from the tissues of 19 individuals representing the following species: Pseudochirops cupreus (coppery ringtail possum), Pseudocheirus canescens (lowland ringtail possum ) , Dactylopsila trivirgata ( striped possum ), Petaurus breviceps ( sugar glider), Cercartetus caudatus (long-tailed pygmy possum), Distoechurus pennatus (feather-tailed possum), Dorcopsis vanheurni ( lesser forest wallaby), Trichosurus vulpecula (common brushtailed possum ) , and Peroryctes longicauda ( striped bandicoot ) . Pseudochirops and Pseudocheirus are pseudocheirids; Dactylopsila and Petaurus are petaurids; Cercartetus is a burramyid; Distoechurus is an acrobatid; Dorcopsis is a macropodid; Trichosurus is a phalangerid; and Peroryctes is a peramelid, an outgroup to the phalangeriforms.
DNA/DNA hybridization experiments were performed using the hydroxylapatite column-chromatography technique (B&ten and Kohne 1968; Kohne 1970; Kohne and Britten 197 1; Sibley and Ahlquist 198 1, 1983) . Long-stranded DNA was fragmented using ultrasound, and the resulting fragment-size distributions were assessed by comparison with DNA fragments of known size produced by digestion with restriction endonucleases (Nathans and Smith 1975 ) . Single-stranded fragments of DNAs to be used as radiolabeled "tracers" were reassociated to Cot 200 [ Ecot 11301 at 60°C in 0.48 M neutral phosphate buffer, and repeated sequences were removed with hydroxylapatite. (Representative Cot plots may be found in Springer and Kirsch, submitted) . Single-copy nuclear DNA was then labeled with radioiodine (Commorford 197 1; Orosz and Wetmur 1974; Prensky 1976) , and DNA/DNA hybrids were formed by combining 0.5 pg "tracer" DNA with 250 pg unlabeled "driver" DNA. Hybrid mixtures were then boiled and incubated at 60°C to approximately Cot 6,000 [Ecot 34,000] in 0.48 M phosphate buffer to permit the formation of hybrid duplexes. After NOTE-Abbreviations for taxa are as follows: P. Ion = Peroryctes longicauda; P. bre = Petaurus breviceps; D. tri = Dactylopsila trivirgata; P. cup = Pseudochirops cupreus; P. can = Pseudocheirus canescens; C. cau = Cercartetus caudatus; T. vu1 = Trichosurus vulpecula; D. van = Dorcopsis vanheurni; D. pen = Distoechurus pennatus. Sample scores for delta-T,,, measurements are given by Springer and Kirsch (submitted) . Taxa whose tracer DNA was labeled are listed above columns. Unlabeled driver DNAs are listed to the left of rows. Average percent nonreciprocity for this matrix is 3.12%. Percent nonreciprocity ranges from 0% to 8.62% for individual pairwise comparisons. The largest percent nonreciprocity occurs for the pairwise combination of P. cupreus and C. caudatus.
incubation, hybrid mixtures were diluted to 0.12 M phosphate, and the hybrids were bound to hydroxylapatite columns immersed in a temperature-controlled waterbath at 60°C. The temperature was then raised in 2-degree increments from 60°C to 98°C (except that the first and last steps were 4-degree increments and that the columns were washed with 8 ml 0.12 M phosphate buffer three times at 60°C). Eluates containing single-stranded fragments produced by the melting of duplexes were collected at each temperature by passing 8 ml 0.12 M phosphate buffer heated to that temperature over the columns. The radioactivity of each eluate was counted, and the median melting temperature ( T,,, -or Tso for some authors) was calculated using linear interpolation.
Matrix Correction
A matrix of uncorrected delta-T, values is given in table 1. Mean percent nonreciprocity ( Sarich and Cronin 1976 ) for this matrix is 3.12%, with individual percent nonreciprocity values ranging from 0% to 8.62%. Because delta-T, values are nonadditive in expectation (Catzeflis et al. 1987; Springer 1988) , we have also employed a series of correction factors to achieve a matrix of delta-TMH-C values (table 2). The overall strategy was to start with delta-T, values and attempt to eliminate the effects of measurement error (specifically, a linear nonrandom component), reduced normalized percentages of hybridization, and homoplasy. The rationale for correcting delta-T, values for nonrandom measurement error is discussed by Springer ( 1988) and Springer and Kirsch (submitted) . In brief, to achieve a matrix that has been corrected for nonrandom measurement error, we have employed the following algorithm:
1. Mean percent nonreciprocity for the matrix is calculated using the equation given by Sarich and Cronin ( 1976) . NOTE.-Format and abbreviations for taxa are as given in table 1. Average percent nonreciprocity is 1.64%, with values ranging from 0.10% to 4.10%. In contrast to the data in table 1, percent nonreciprocity for the pairwise combination of Cercartetus caudatus and Pseudochirops cupreus is only 0.45%. This parity of reciprocal values was achieved through the compression correction, which did not change distances for labeled C. caudatus DNA but resulted in scalar multiplication by 1.196 for distances to labeled P. cupreus DNA. Thus, the distances from P. cupreus (label) to C. caudatus (driver) and from C. caudatus (label) to P. cupreus (driver) are 13.06 and 12.98, respectively (matrix not shown), after the compression correction. These values, in turn, were then corrected for normalized percentage of hybridization and for homoplasy, to generate the distances given in table 2.
3. The lowest row:column ratio is taken to indicate the taxon with the least compression when its DNA is labeled. Compression means the reduced distance estimation arising from tracer degradation and iodination conditions. This ratio is designated as the reference ratio for all subsequent cycles of correction.
4. Row:column ratios for all taxa are divided by the reference ratio to generate a series of correction factors for the values in each column. (In subsequent repetitions of the correction cycle, row:column ratios for all taxa are divided by the new row: column ratio of the original reference taxon, regardless of the relative magnitude of its new ratio.) 5. All values in a given column, including those without reciprocals, are multiplied by the corresponding correction factor to produce a corrected matrix.
6. Mean percent nonreciprocity is again calculated, and the process is repeated until no further reduction in mean percent nonreciprocity is achieved.
In the case of our data, mean percent nonreciprocity stabilized at 1.05% after three cycles of correction ( matrix not shown, but see Springer and Kirsch, submitted) . This matrix was then corrected for normalized percentages of hybridization and for homoplasy by using the equations given by Catzeflis et al. ( 1987) and Jukes and Cantor ( 1969) , respectively. The resulting matrix of delta-TMH-C values (table 2) incorporates all of the corrections discussed above. Sample scores for individual delta-T,,, measurements and representative raw data (i.e., radioactive counts) are given by Springer and Kirsch (submitted) .
Of the included species, only the DNA of Distoechurus was not labeled. For this species, values obtained when Distoechurud DNA was the driver were used to fill empty tracer cells before the matrices were subjected to phylogenetic analysis.
Data Analysis and Rates of Evolution
Topologies based on the data in table 2 were constructed using the least-squares method ( Cavalli-Sforza and Edwards 1967 ) available on J. Felsenstein's phylogenetic Rates of Single-Copy DNA Evolution in Marsupials 335 inference package (PHYLIP 2.8). The least-squares option is available to both KITSCH, which constrains branch lengths to be equal, and FITCH, which does not constrain branch lengths to be equal.
Average rates of single-copy DNA evolution have been investigated in two ways. First, we applied the F-ratio test that was suggested by Rohlf and Sokal ( 198 1) and Felsenstein ( 1984) and implemented by Bledsoe ( 1987) and Sheldon ( 1987) . This test assesses the equality of length of sister branches by using the ratio of the sum of squares (SS) of least-squares topologies when sister branches are constrained to be equal ( IUTSCH) and when they are not so constrained (FITCH). Both delta-T, and delta-TMH-C values were used in the analysis. However, the F-ratio test assumes both additivity and independence (Felsenstein 1984) , and it is therefore more appropriate to employ delta-TMH-C values with this test. The F-ratio is calculated as follows:
where df(IUTSCH)
and n is equal to the number of taxa. When trees include multifurcations, so that some of the branch lengths equal zero, df must be corrected accordingly (Sheldon 1987) .
Second, a one-way ANOVA was performed on uncorrected delta-T, scores to test the hypothesis that all ingroup taxa are the same distance from a specified outgroup taxon. Peroryctes longicauda was used as an outgroup to all other taxa, and D. vanheurni was used as an outgroup to all taxa excluding P. longicauda. To dissociate rate problems and problems with nonreciprocity, only replicate experiments using these taxa as labels, respectively, were used in the analysis. When rate disparity was detected, Tukey's test (Zar 1984 ) was used to pinpoint pairs of ingroup taxa that exhibited statistically significant differences in rates of sequence divergence.
Results
Results of the F-ratio test indicate significant rate disparity in the matrix of delta-TMH-C values, as well as in the matrix of delta-T, values. Figure 1A shows a bestfit FITCH least-squares topology based on delta-TMH-C values, rooted with Peroryctes longicauda. The same topology was forced for the KITSCH least-squares option by specifying a user-defined tree ( fig. 1 B) . The difference between the SS values of the FITCH and KITSCH trees in figure 1 The F-ratio test of the matrix of the delta-T,'s was also significant, but only at P = .05 (F = 2.42; F-ratio = 2.6 1). We attribute the reduced level of significance, when delta-T,'s are used, to nonrandom linear compression associated with particular tracers, which, in turn, is related to fragment length of the tracer DNAs and iodination conditions (Hall et al. 1980; Caccone and Powell 1987; Springer and Kirsch, submitted (table 2) . This tree was obtained using the Cavalli-Sforza and Edwards least-squares option of FITCH, which does not constrain branch lengths to be equal. The outgroup is Peroryctes longicuuda. The sum of squares for this topology is 27.46. B, A userdefined tree obtained with the least-squares option of IUTSCH. Branch lengths are constrained to be equal. The sum of squares is 193.67.
result from correlated nonrandom measurement error. This error, in turn, violates the independence assumption and underscores the problem of nonindependence for DNA hybridization data. While problems with nonindependence can be reduced by the use of the compression correction, they cannot be eliminated because imprecision in a homoduplex T, will affect all distances obtained by subtracting heterologous T,'s from it. Partly for this reason, it is desirable to perform additional statistical tests.
Results of an ANOVA using P. Zongicauda as an outgroup also revealed significant rate disparity among ingroup taxa (table 3) . Tukey's test indicates that significant pairwise differences occur between Cercartetus caudatus (slow) and Pseudocheirus canescens ( fast) and between C. caudatus (slow ) and P. cupreus ( fast).
When Dorcopsis vanheurni was used as an outgroup to all other taxa except for P. longicauda, however, the ANOVA revealed much more significant rate disparity (P = 0.0005). On the basis of Tukey's test, the average rate of single-copy DNA evolution in C. caudatus is significantly slower than that in most of the other taxa (see table 3 for other differences).
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Discussion
Rates of single-copy DNA sequence evolution in phalangeriform marsupials provide additional evidence for rate disparity and against a taxon-independent molecular clock. More important, as we discuss below, rates of single-copy DNA evolution in phalangeriform marsupials have important implications for the generation-time hypothesis, even when allowance is made for the difficulty of estimating generation time.
Most reproductive effort in Cercartetus caudatus probably occurs between 1 and 3 years of age, with females producing two litters per year (Atherton and Haffenden 1982) . Females belonging to other species of Cercartetus also produce two litters per year and have ages at first breeding that range from 5 to 15 mo (Smith and Lee 1984; Tyndale-Biscoe 1984; Tyndale-Biscoe and Renfree 1987) . Life expectancy in C. concinnus is 2-3 years ( Tyndale-Biscoe and Renfree 1987) and is probably similar in other species of the genus. Information on breeding in Distoechurus pennatus is lacking, but studies on a related species, Acrobates pygmaeus, indicate that sexual maturity is reached as early as 8 mo and that two litters per year are produced in the field. Given that Distoechurus, Acrobates, and Cercartetus are small possums, it is not unexpected that the limited amount of breeding information available for these taxa suggests relatively short generation times.
Large possums, belonging to the families Pseudocheiridae, Petauridae, and Phalangeridae, tend to have later ages at first breeding and to spread out their reproductive effort over a greater number of years. Trichosurus vulpecula, for example, has an age at first breeding of 12-24 mo in females and 24 mo in males (Tyndale-Biscoe and Renfree 1987). Longevity is also greater than that in the smaller possums, that of captive female T. vulpecula ranging up to 13 years (Smith and Lee 1984) . In Petaurus breviceps, which is intermediate in size between the small possums and T. vdpecula, female longevity in captivity ranges up to 12 years, an average of 1.1 litters per year are produced in the field, and age at first breeding is approximately 1 year (Smith and Lee 1984; Tyndale-Biscoe 1984) . Data for Pseudochirops cupreus and Pseudocheirus canescens are not available, but information on other ringtail possums (Pseudocheirus peregrinus, Pseudocheirus herbertensis, and Petauroides volans) indicates that the life span of females in captivity may be up to 15 years (P. volans) , that the average number of litters per year ranges from 1 .O to 1.2, and that age at first breeding occurs at 1 year (P. peregrinus females) or between 18 mo and two years (P. volans females). However, relative to other ringtails, P. canescens is quite small (Ziegler 1977 ) and may be expected to have a shorter generation time than do most of the other pseudocheirids.
While admittedly it is sketchy, breeding information on phalangerids, pseudocheirids, and petaurids thus suggests that, relative to what is known about the smaller possums, such as Cercartetus, reproductive effort in most of these possums is spread out during their lifetimes and that generation time is longer for the larger possums. We estimate that mean generation time is l-2 years in burramyids and acrobatids and 2-4 years in pseudocheirids, petaurids, and phalangerids.
The relatively slow average rate of single-copy DNA evolution in C. caudatus is therefore exactly the opposite of what we would expect on the basis of the generationtime hypothesis. Our rate data also stand in marked contrast to the results of previous DNA hybridization studies (Sibley and Ahlquist 1984; Bledsoe 1987; Catzeflis et al. 1987; Sheldon 1987 ) on rate disparity and suggest that factors other than generation time may be important as well. It is interesting that rates of albumin evolution are also slower in burramyids than in most other phalangeriform taxa (Baverstock et al. 1987) .
Trichosurus vulpecula also exhibits a relatively slow rate of change, but generation time in T. vulpecula is commensurate with or slightly longer than generation time for other possum taxa included in this study. This seems to be congruent with the conventional generation-time hypothesis. On the other hand, viewed in the context of phylogeny, a clade containing burramyids (C. caudatus) and phalangerids ( T. vulpecula) appears to have a slower average rate of single-copy DNA evolution than does one comprising acrobatids (Distoechurus pennatus), petaurids (Dactylopsila trivirgata and Petaurus breviceps), and pseudocheirids (Pseudochirops cupreus and Pseudocheirus canescens). Hence, average rates of single-copy DNA evolution may track phylogeny independent of generation time. We are continuing to study this problem by expanding our taxonomic coverage. In any event, an overall correlation between generation time and rates of DNA sequence change is not supported by the data presented in the present paper.
Moreover, as suggested by other investigators (B&ten 1986; Nei 1987; Sheldon 1987) , there may be many causes of rate inequality. Generation time, DNA repair mechanisms (Goodman 1985; Britten 1986 ), molecular drive (Dover 1987) , the number of divisions in the gametic cell line ( Wu and Li 1985 ) , and selection may all be important. If the periods of torpor (ranging from several hours to several days) that are typical of Cercartetus ( Atherton and Haffenden 1982; Nowak and Paradiso 1983, p. 72) affect rates of cell turnover in the gametic cell line, for example, this may retard average rates of single-copy DNA evolution. Patterns of sequence divergence
